Rationale Ketamine is used by preadolescent and adolescent humans for licit and illicit purposes. Objective The goal of the present study was to determine the effects of acute and repeated ketamine treatment on the unconditioned behaviors and conditioned locomotor activity of preadolescent and adolescent rats. Methods To assess unconditioned behaviors, female and male rats were injected with ketamine (5-40 mg/kg), and distance traveled was measured on postnatal day (PD) 21-25 or PD 41-45. To assess conditioned activity, male and female rats were injected with saline or ketamine in either a novel test chamber or the home cage on PD 21-24 or PD 41-44. One day later, rats were injected with saline and conditioned activity was assessed. Results Ketamine produced a dose-dependent increase in the locomotor activity of preadolescent and adolescent rats. Preadolescent rats did not exhibit sex differences, but ketamine-induced locomotor activity was substantially stronger in adolescent females than males. Repeated ketamine treatment neither caused a day-dependent increase in locomotor activity nor produced conditioned activity in preadolescent or adolescent rats. Conclusions The activity-enhancing effects of ketamine are consistent with the actions of an indirect dopamine agonist, while the inability of ketamine to induce conditioned activity is unlike what is observed after repeated cocaine or amphetamine treatment. This dichotomy could be due to ketamine's ability to both enhance DA neurotransmission and antagonize N-methyl-D-aspartate (NMDA) receptors. Additional research will be necessary to parse out the relative contributions of DA and NMDA system functioning when assessing the behavioral effects of ketamine during early ontogeny.
Introduction
Ketamine is a dissociative anesthetic used to induce anesthesia in children and adults (Kohrs and Durieux 1998; Bergman 1999) , a quick-acting treatment for major depression (Zarate et al. 2006; aan het Rot et al. 2010) , and an illicit drug commonly used at rave parties (Jansen 1993 (Jansen , 2000 Dillon et al. 2003) . Recreational use of ketamine varies dramatically worldwide (Kalsi et al. 2011; Morgan and Curran 2012) , with epidemiological studies reporting that ketamine is the most frequently used illicit drug in Hong Kong (Tan et al. 2012 ). In the USA, the annual (2014) prevalence rate of ketamine use among 12th graders was 1.5%, which was greater than for either methamphetamine or phencyclidine (Johnston et al. 2015) .
Because of its many behavioral effects, it is perhaps understandable that the neural mechanisms by which ketamine produces its multiple actions are not fully understood. Ketamine is a noncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist (Anis et al. 1983; Duncan et al. 1999 ) that may produce some of its anesthetic, psychotropic, and antidepressive effects via actions involving the dopamine (DA) system (Smith et al. 1981; Mantz et al. 1994; Belujon and Grace 2014) . For example, ketamine and other NMDA receptor antagonists increase the firing rate and burst firing of DA neurons in the ventral tegmental area (VTA) (French and Ceci 1990; Belujon and Grace 2014; Witkin et al. 2016) . These ketamineinduced effects are mediated by both descending and ascending fibers projecting to the VTA (Morikawa and Paladini 2011) . There is also a large body of evidence, gained via both in vivo and in vitro techniques, showing that ketamine increases DA release and blocks DA reuptake in the dorsal striatum (Keita et al. 1996; Tso et al. 2004; Usun et al. 2013) , nucleus accumbens (Hancock and Stamford 1999; Witkin et al. 2016) , and prefrontal cortex (Lindefors et al. 1997; Lorrain et al. 2003 ; see Smith et al. 1981) . In some cases, the ability of ketamine to modulate DA release is attributed to actions involving afferent inhibitory interneurons in DA target areas (Verma and Moghaddam 1996; Lorrain et al. 2003; Usun et al. 2013 ; see also Can et al. 2016) , while others suggest that ketamine acts as an indirect DA agonist (Irifune et al. 1991; Nishimura et al. 1998; Hancock and Stamford 1999) .
Similar to indirect DA agonists (e.g., cocaine and amphetamine), ketamine causes a dose-dependent increase in the locomotor activity of adult male rats and mice (Irifune et al. 1991; Usun et al. 2013; Yamamoto et al. 2016) . High subanesthetic doses of ketamine produce an initial period of hypoactivity, lasting for up to 30 min, and then a prolonged period of hyperactivity (Irifune et al. 1991) . Female rats also exhibit elevated levels of locomotor activity after acute ketamine administration (Wiley et al. 2011) , and there is some evidence that the locomotor activating effects of ketamine are more pronounced in females than in males. Specifically, Wilson et al. (2005 Wilson et al. ( , 2007 reported that a low dose of ketamine (10 mg/kg) increased the locomotion of both male and female rats on postnatal day (PD) 22, but stimulated the locomotor activity of only female rats during the early (PD 35) and late (PD 50) adolescent periods. To some extent, the latter results are difficult to interpret because only a single low dose of ketamine was used, and behavioral testing lasted for only 10 min. Repeatedly administering ketamine to adult male rats and mice causes a progressive increase in locomotor activity (i.e., behavioral sensitization) that can persist for at least 30 days (Uchihashi et al. 1993; Trujillo et al. 2008; Yamamoto et al. 2016) . In contrast to male mice (Yamamoto et al. 2016) , the sensitized responding of male rats is stronger if ketamine is administered intermittently (e.g., once every 7 days) rather than daily (Trujillo et al. 2008) . Indeed, adult male rats may not exhibit a progressive increase in locomotor activity if ketamine is administered on five consecutive days (Becker et al. 2003) . Female rats show ketamine-induced behavioral sensitization (Wiley et al. 2011) ; however, the performance of male and female rats has not been directly compared when using these repeated treatment paradigms.
Although ketamine induces behavioral sensitization in rats and mice, it is uncertain whether repeated ketamine treatment is capable of producing the related phenomenon of conditioned activity. Conditioned activity is evident when drugfree animals exhibit increased locomotion in an environmental context in which they previously received a drug. This phenomenon is most frequently explained in terms of Pavlovian conditioning. Specifically, an excitatory Pavlovian association is hypothesized to form between the environmental context (conditioned stimulus (CS)) and the test compound (unconditioned stimulus (US)). As a consequence, the CS elicits enhanced locomotor activity (conditioned response (CR)) when the rat is returned to the same environmental context in a drug-free state (Franklin and Druhan 2000; Michel and Tirelli 2002; Johnson et al. 2012) . Under certain circumstances, it is possible that Bconditioned^activity could result from a failure to habituate rather than contextual conditioning Carey 1992, 1994; Ahmed et al. 1995; Carey et al. 2008) . In other words, the test compound might interfere with the normal habituation process; thus, rats exhibit increased locomotor activity on the test day because of a hyperactive response to the seemingly novel environment. One way to distinguish between these possibilities (i.e., associative learning vs. a failure to habituate) is to include nonhabituated control groups that are pretreated with saline or the test compound, but are not exposed to the activity chamber until the test day (Damianopoulos and Carey 1992) . With the proper controls in place, it is possible to determine whether repeated environment-ketamine (CS-US) pairings are capable of producing a Pavlovian conditioned locomotor response.
The purpose of this project was to examine the effects of a broad dose range of ketamine (5-40 mg/kg) on the unconditioned and conditioned locomotor activity of male and female rats during early ontogeny. Because of the potential translational relevance to young humans (Spear 2000; Andersen 2003) , we compared rats from the preadolescent and adolescent (PD 41-45) periods (for a discussion of ontogenetic epochs, see Smith 2003; Frantz et al. 2006 ). Based on previously cited adult ketamine studies, as well as ontogenetic data using psychostimulants (Becker et al. 2001; Parylak et al. 2008; McDougall et al. 2015) , it was hypothesized that adolescent female rats would show stronger unconditioned and conditioned locomotor activity than male rats. Preadolescent rats were also hypothesized to show robust ketamine-induced unconditioned and conditioned activity, but no sex differences were predicted in this prepubertal age group.
Materials and methods

Subjects
Subjects were an equal number of male and female preadolescent (N = 192) and adolescent (N = 264) rats of SpragueDawley descent (Charles River, Hollister, CA) that were born and raised at California State University, San Bernardino (CSUSB). Litters were culled to 10 pups on PD 3. Preadolescent rats were kept with the dam and littermates, whereas adolescent rats were group housed with same-sex littermates. All rats were housed in large polycarbonate maternity cages (30.5 × 43 × 19 cm) on a ventilated rack. Food and water were freely available. The colony room was maintained at 22-23°C and kept under a 12:12 light/dark cycle. Testing was done in a separate experimental room and was conducted during the light phase of the cycle. Subjects were cared for according to the BGuide for the Care and Use of Laboratory Animals^(National Research Council 2010) under a research protocol approved by the Institutional Animal Care and Use Committee of CSUSB.
Apparatus
Behavioral testing was done in activity monitoring chambers that consisted of acrylic walls, a plastic floor, and an open top (Coulbourn Instruments, Whitehall, PA). Each chamber included an X-Y photobeam array, with 16 photocells and detectors, that was used to determine distance traveled (a measure of locomotor activity) in the margin and the center of the activity monitoring chambers. In order to equate for differences in body size (see also Campbell et al. 1969; Shalaby and Spear 1980 ), preadolescent rats were tested in smaller chambers (26 × 26 × 41 cm) than adolescent rats (41 × 41 × 41 cm).
Drugs
(±)-Ketamine hydrochloride (Sigma-Aldrich, St. Louis, MO) was dissolved in saline and injected intraperitoneally (IP) at a volume of 2.5 ml/kg (preadolescent rats) or 1 ml/kg (adolescent rats).
Procedure
Experiment 1: effects of repeated ketamine treatment on the unlearned behaviors of male and female preadolescent and adolescent rats During the habituation phase, which occurred on PD 20 or PD 40, rats were injected with saline and placed in activity chambers for 30 min. The testing phase occurred on the following 5 days (i.e., PD 21-PD 25 or PD 41-PD 45), with male and female rats (n = 12 of each sex per group) receiving an injection of ketamine (0, 5, 10, 20, or 40 mg/kg, IP) immediately before being placed in the activity chambers for 120 min.
In addition to measuring distance traveled, discrete behaviors (wall climbing, rearing, and grooming) of a subset of rats (n = 8 per group) were quantified using the fixed interval momentary time sampling method described by Cameron et al. (1988) . For a given rat, the presence or absence of a particular behavior was determined during a 15-s interval that occurred every 5 min. During the same 15-s interval, the behavior of each rat was coded using the following motoric capacity rating scale: 0 = asleep or inactive, 1 = normal forward locomotion (no balance disturbances), 2 = forward locomotion with minor balance problems (fully upright, but awkwardness when turning), 3 = forward locomotion with moderate balance problems (fully upright, but severe swaying during locomotion), 4 = forward locomotion with major balance problems I (fully upright, but occasional rolling), 5 = forward locomotion with major balance problems II (minor dragging with prominent rolling), 6 = predominate dragging (forward dragging with prominent rolling), 7 = circular dragging (forward dragging in a circular pattern), and 8 = splayed and immobile. In all cases, behavior was recorded via wallmounted hard disk cameras (JVC, model GZ-MG670) and quantified by an observer blind to treatment conditions. Experiment 2: ability of repeated ketamine treatment to induce conditioned activity in male and female preadolescent and adolescent rats On PD 20 or PD 40, male and female rats were injected with saline and habituated to the activity chambers for 30 min. Half as many preadolescent rats were tested as adolescent rats, because preadolescent rats did not exhibit sex differences in the first experiment. The pretreatment phase occurred on PD 21-PD 24 or PD 41-PD 44. In the saline control group, preadolescent (n = 8 of each sex per group) and adolescent (n = 16 of each sex per group) rats were injected with saline and placed in the activity chambers, where distance traveled was measured for 120 min. These rats were given a second saline injection 30 min after being returned to the home cage. In the nonhabituated control groups, preadolescent (n = 4 of each sex per group) and adolescent (n = 8 of each sex per group) rats were injected with saline or ketamine (10 or 40 mg/kg, IP) and immediately returned to the home cage (i.e., rats were not placed in activity chambers during the pretreatment phase). After 150 min, nonhabituated rats were given an injection of saline. In the Bunpaired^groups, preadolescent (n = 4 of each sex per group) and adolescent (n = 8 of each sex per group) rats were injected with saline before being placed in activity chambers for 120 min and then injected with ketamine (10 or 40 mg/kg, IP) 30 min after being returned to the home cage. In the Bpaired^groups, preadolescent (n = 4 of each sex per group) and adolescent (n = 8 of each sex per group) rats were injected with ketamine (10 or 40 mg/kg, IP) before being placed in activity chambers and then injected with saline 30 min after being returned to the home cage. After 24 h (i.e., on PD 25 or PD 45), conditioned activity was assessed by injecting rats with saline and immediately placing them in activity chambers where distance traveled was measured for 120 min.
Data analysis
Multifactor analyses of variance (ANOVAs) were used to statistically analyze distance traveled data, percent margin distance [%MD = (margin distance / total distance) × 100], grooming, and vertical activity (wall climbing plus rearing). If ANOVAs included a repeated measures factor, the Greenhouse-Geisser epsilon statistic was used to adjust degrees of freedom when the assumption of sphericity was violated (Geisser and Greenhouse 1958) . Corrected degrees of freedom were rounded to the nearest whole number and are indicated by a superscripted Ba.^When further analyzing statistically significantly higher order interactions, the mean square error terms (i.e., MS error ) used for the Tukey calculations were based on separate one-way ANOVAs at each day or time block. Ordinal data provided by the motoric capacity rating scale were analyzed using nonparametric statistics. Drug dose effects were analyzed using the Kruskal-Wallis (KW) test, with Dunn's test (P < 0.05) being used for post hoc comparisons (Dunn 1964) . Sex effects at each dose were analyzed with Mann-Whitney U tests (Siegel and Castellan 1988) . To minimize litter effects, no more than one subject per litter was assigned to a given group (Zorrilla 1997) .
Results
Experiment 1: effects of repeated ketamine treatment on the behavior of male and female rats Unlearned locomotor activity: preadolescent rats Among preadolescent rats, distance traveled scores did not vary according to sex (Fig. 1) . Overall, ketamine caused a dose-dependent increase in locomotor activity ( Fig. 1 , right panels), with higher doses of ketamine (10, 20, and 40 mg/ kg) stimulating significantly more distance traveled than saline [dose main effect, F 4, 70 = 73.81, P < 0.001, and Tukey tests, P < 0.05]. On each of the test days (PD 21-PD 25), preadolescent rats injected with 20 or 40 mg/kg ketamine exhibited significantly greater distance traveled scores than saline controls (Fig. 1 , left panels) [ a dose × day interaction, F 14, 241 = 38.64, P < 0.001, and Tukey tests, P < 0.05]. Among the two high-dose groups, ketamine (20 and 40 mg/kg) stimulated the most locomotor activity on PD 21 (the first day of drug exposure). Distance traveled scores declined on PD 22 and then stabilized across the testing phase (Tukey tests, P < 0.05).
A finer grain analysis of locomotor activity on PD 21 and PD 25 shows how the various doses of ketamine differentially affected distance traveled scores across the individual testing sessions (Fig. 2) . On the first test day (PD 21), the lower doses of ketamine (5-20 mg/kg) stimulated the most distance traveled on time block 1, after which distance traveled declined across the testing session [ a dose × time block interaction, F 14, 398 = 80.18, P < 0.001, and Tukey tests, P < 0.05]. In contrast, the higher dose of ketamine (40 mg/kg) stimulated little distance traveled on the first two 10-min time blocks and then a dramatically heightened locomotor response on time blocks 3-5. Distance traveled then declined across the remainder of the testing session. On PD 25, rats given 40 mg/kg ketamine exhibited a nonsignificant increase in locomotor activity from time block 1 to time block 2 (Fig. 2, lower graph) . Except for this effect, distance traveled scores of all dose groups declined across the testing session until basal levels were reached [ a dose × time block interaction, F 20, 373 = 17.34, P < 0.001, and Tukey tests, P < 0.05].
On PD 21, preadolescent rats injected with saline exhibited substantially more locomotor activity in the margin (86.3%) of the testing chamber than in the center (13.7%) ( Table 1) . %MD scores did not vary according to sex; however, when preadolescent rats were injected with higher doses of ketamine (20 and 40 mg/kg), the %MD scores were significantly reduced relative to the saline group [dose main effect, F 4, 110 = 45.33, P < 0.001, and Tukey tests, P < 0.05].
Unlearned locomotor activity: adolescent rats
Overall, female adolescent rats injected with 20 or 40 mg/kg ketamine exhibited more locomotor activity than male adolescent rats (compare the right panels of Fig. 3) [sex main effect, F 1, 70 = 27.04, P < 0.001; sex × dose interaction, F 4, 70 = 6.27, P < 0.001, and Tukey tests, P < 0.05]. Among both male and female adolescent rats, only the two higher doses of ketamine (20 and 40 mg/kg) stimulated significantly greater distance traveled scores than saline (Tukey tests, P < 0.05). The dayto-day effects of ketamine varied according to sex (compare the left panels of Fig. 3 ), as the distance traveled scores of female rats injected with 40 mg/kg ketamine declined from PD 41 to PD 43, while the locomotor activity of male rats was stable across test days [ a sex × dose × day interaction, F 14, 240 = 2.99, P < 0.001; and Tukey tests, P < 0.05]. In addition, 20 and 40 mg/kg ketamine significantly increased the distance traveled of female adolescent rats on all five test days, whereas 20 mg/kg ketamine enhanced the distance traveled scores of male rats, relative to same-sex saline controls, on PD 42, PD 44, and PD 45.
On PD 41 (the first test day), the pattern of ketamineinduced locomotor activity differed substantially between male and female rats (Fig. 4) [ a sex × dose × time block interaction, F 16, 426 = 14.99, P < 0.001]. Female adolescent rats responded similarly to preadolescent rats, as 40 mg/kg ketamine did not generate peak locomotor activity until time block 5, after which distance traveled scores declined across the remainder of the testing session [ a dose × time block interaction, F 14, 191 = 23.94, P < 0.001, and Tukey tests, P < 0.05].
For the other female ketamine groups, distance traveled scores decreased progressively from time block 1 to time block 7 and then stabilized at a low rate (Tukey tests, P < 0.05). In contrast, male adolescent rats injected with 40 mg/kg ketamine exhibited peak distance traveled scores on time block 1 and differed significantly from saline-treated male rats on time blocks 2-5 [ a dose × time block interaction, F 14, 189 = 4.04, P < 0.001, and Tukey tests, P < 0.05]. On no time block did any of the other doses of ketamine significantly enhance distance traveled scores relative to the saline controls.
On PD 45, the distance traveled scores of female adolescent rats given 40 mg/kg ketamine increased from time block 1 to time block 3 and then declined across the remainder of the testing session (Fig. 5, upper graph) [ a dose × time block interaction, F 9, 81 = 7.61, P < 0.001, and Tukey tests, P < 0.05]. All other ketamine groups showed a progressive decline in distance traveled scores across the testing session. Female rats injected with 40 mg/kg ketamine exhibited elevated distance traveled scores, relative to the saline controls, on time blocks 2-8, whereas 20 mg/kg ketamine increased locomotor activity on time blocks 1-4 (Tukey tests, P < 0.05). Among male adolescent rats on PD 45, all doses of ketamine produced peak locomotor activity on time block 1, followed by a progressive decline across the first half of the testing session (Fig. 5, lower  graph) [ a dose × time block interaction, F 10, 91 = 7.14, P < 0.001, and Tukey tests, P < 0.05]. The high dose of ketamine (40 mg/kg) increased distance traveled scores on time blocks 1-6, while 20 mg/kg ketamine only caused a significant increase on time blocks 1 and 2 (Tukey tests, P < 0.05).
On PD 41, adolescent rats treated with 20 or 40 mg/kg ketamine traveled greater distances in the center of the testing apparatus, relative to the margin, when compared to salinetreated rats (Table 1) [dose main effect, F 4, 106 = 15.86, P < 0.001, and Tukey tests, P < 0.05]. Post hoc analysis of the significant dose × sex interaction showed that the greatest reduction in %MD scores occurred in female rats injected with 40 mg/kg ketamine [F 4, 106 = 3.34, P < 0.05, and Tukey tests, P < 0.05]. The %MD scores of male and female adolescent rats did not differ from each other at any dose.
Unlearned locomotor activity: age comparisons
Overall, the ketamine variable interacted with age to affect locomotor activity (compare Figs. 1 and 3) [age main effect, F 1, 150 = 5.42, P < 0.05; age × dose interaction, F 4, 150 = 2.78, P < 0.05; a age × dose × day interaction, F 14, 517 = 15.50, P < 0.001]. There were no significant age differences after saline or low-dose ketamine (5 or 10 mg/kg) treatment. When injected with 20 mg/kg ketamine, preadolescent rats had significantly greater distance traveled scores than adolescent rats on the first day of drug administration, whereas adolescent rats exhibited more locomotor activity than preadolescent rats on the final test day [ a age × day interaction, F 4, 97 = 12.58, P < 0.001, and Tukey tests, P < 0.05]. A similar pattern of effects was evident after treatment with 40 mg/kg ketamine, as preadolescent rats exhibited more distance traveled on the first test day, while adolescent rats had significantly greater distance traveled scores on all subsequent test days Fig. 1 Mean distance traveled scores (±SEM) of ketamine (0-40 mg/kg) treated female (upper graph) and male (lower graph) preadolescent rats on PD 21-25. The right panels represent total distance traveled collapsed across the five test days. Significant difference between the saline and 40 mg/kg ketamine group (asterisks). Significant difference between the saline and 20 mg/kg ketamine group (daggers). Significant difference between the saline and 10 mg/kg ketamine group (double daggers) tests, P < 0.05]. In terms of margin vs. center, adolescent rats had greater %MD scores than preadolescent rats [age main effect, F 1, 216 = 12.61, P < 0.001], but this effect was only evident in preadolescent (59.1%) and adolescent rats (69.1%) injected with 40 mg/kg ketamine [age × dose interaction, F 1, 216 = 3.78, P < 0.01, and Tukey tests, P < 0.05].
Vertical activity, grooming, and motoric capacity: preadolescent rats Among preadolescent rats, ketamine did not affect vertical activity (Table 1) or grooming (data not shown). Analysis of data provided by the motoric capacity scale (Table 2) showed that rats given 40 mg/kg ketamine had elevated scores relative to the saline control group on time blocks 1-11 (higher numbers indicate greater motoric disturbances) [dose effects, KW = 32.12 to 13.42, P < 0.001 to P < 0.05 and Dunn tests, P < 0.05]. On time block 1, preadolescent rats given 40 mg/kg ketamine were immobile; on time blocks 2 and 3, rats had major balance problems, while on time blocks 4-11, rats exhibited some minor balance problems along with enhanced locomotor activity. Preadolescent rats injected with 20 mg/ kg ketamine had balance problems on time block 1 followed by significantly enhanced locomotor activity, relative to the saline controls, on time blocks 2-4 (Dunn tests, P < 0.05). No statistically significant sex effects were apparent at any dose.
Vertical activity, grooming, and motoric capacity: adolescent rats Ketamine did not affect either the vertical activity (Table 1) or grooming (data not shown) of adolescent rats. In terms of the motoric capacity scale, male and female adolescent rats exhibited different patterns of behavior (Table 3) . On only time block 1 did male rats given 40 mg/kg ketamine score higher on the motoric capacity scale than saline controls [dose effect, KW = 14.60, P < 0.01 and Dunn tests, P < 0.05], whereas female rats injected with the same dose of ketamine had significantly elevated motoric capacity scores on time blocks 1-7 [dose effects, KW = 17.37 to 14.39, P < 0.01 and Dunn tests, P < 0.05]. Across the first 30 min of testing (time blocks 1-3), female adolescent rats were either immobile or exhibited severe motoric disturbances. Female rats given 20 mg/kg ketamine also exhibited motoric disturbances on time blocks 1 and 2 (Dunn tests, P < 0.05). Among rats treated with 40 mg/kg ketamine, female rats had more severe motoric problems than male rats on time blocks 1-7 (Mann-Whitney U tests, P < 0.05).
Vertical activity, grooming, and motoric capacity: age comparisons
Grooming did not vary according to age (data not shown), but preadolescent rats did have significantly more vertical activity counts than adolescent rats [age main effect, F 1, 60 = 4.25, P < 0.05]. In terms of the motoric capacity scale, male preadolescent rats injected with 40 mg/kg ketamine had higher scores (i.e., exhibited more severe motoric disturbances) than male adolescent rats on time blocks 1-6 (Mann-Whitney U tests, P < 0.05). In contrast, female adolescent rats given 40 mg/kg ketamine had higher motoric capacity scores than female preadolescent rats on time blocks 4 and 5 (MannWhitney U tests, P < 0.05).
Experiment 2: ability of repeated ketamine treatment to induce conditioned activity in male and female preadolescent and adolescent rats
Preadolescent rats
During the pretreatment phase, rats responded essentially the same as described in experiment 1. On the test day, ketaminepretreated male and female preadolescent rats did not show conditioned activity, since the paired groups did not have greater distance traveled scores than the various control groups (Fig. 6) . Instead, the nonhabituated control groups receiving saline or 10 mg/kg ketamine exhibited significantly more locomotor activity than the paired group given 10 mg/kg ketamine [group main effect, F 4, 38 = 4.34, P < 0.01, and Tukey tests, P < 0.05]. The various groups treated with 40 mg/kg ketamine did not differ among themselves. Significant sex effects were not apparent during either the pretreatment phase or on the test day.
Adolescent rats
On the test day, adolescent rats in the saline and ketamine (10 or 40 mg/kg) nonhabituated groups exhibited greater distance traveled scores than the ketamine paired groups and the saline control group (Fig. 7) [group main effects, F 4, 86 = 11.07, P < 0.001; F 4, 86 = 9.69, P < 0.001, and Tukey tests, P < 0.05]. The sex variable did impact this result, since differences between the nonhabituated groups and saline control group were statistically significant in only female rats [group × sex interactions, F 4, 86 = 2.52, P < 0.05; F 4, 86 = 3.06, P < 0.05, and Tukey tests, P < 0.05].
Discussion
In the present study, the unconditioned and conditioned behavioral effects of ketamine were assessed in male and female preadolescent and adolescent rats. In rodents, preadolescence and adolescence are developmental stages that transition between the earlier preweanling period and adulthood. Puberty occurs during adolescence, but the two terms are not interchangeable as puberty involves a series of biological changes that happen during the adolescent period (Spear 2000) . Adultlike gonadotropin cycling is first evident on about PD 28 (Ojeda and Urbanski 1994) whereas vaginal opening is typically observed by PD 35, and balanopreputial separation occurs in male rats at approximately PD 40 (for reviews, see McCormick and Mathews 2007; McCormick et al. 2017) . With the aid of these pubertal guideposts, adolescence is usually defined as a time roughly between PD 28 and PD 55 or PD 59 (Smith 2003; Frantz et al. 2006; Caster et al. 2007; McCormick and Mathews 2007) , while the preadolescent period occurs between weaning (PD 21) and adolescence (Romeo et al. 2016) . In humans, adolescence extends from approximately 12 to 18 years of age (Spear 2000) , with preadolescence corresponding to late childhood. Although no major multisite studies have tracked ketamine consumption in the USA, the BMonitoring the Future^national survey indicates that the annual prevalence rate of ketamine use for 8th graders (≈13-14 year olds) ranges between 0.6 and 1.6% (2000-2011) and 1.3 and 2.6% for 12th graders (2000-2014) (Johnston et al. 2015) . Because of these drug use statistics, an ontogenetic examination of ketamine's unconditioned and conditioned effects was warranted.
As hypothesized, sex was an important factor affecting ketamine-induced locomotor activity, but only in the older age group. In adolescent rats, ketamine (20 and 40 mg/kg) stimulated significantly more locomotor activity in females than males on PD 41. The pattern of ketamine-induced locomotor activity differed between sexes, as male adolescent rats injected with 40 mg/kg ketamine showed peak locomotor responding on time block 1 followed by a steady decline until basal levels were reached. The elevated locomotor activity evident on time block 1 coincided with moderate balance problems that quickly dissipated as the session progressed. In contrast, preadolescent rats and female adolescent rats injected with 40 mg/kg ketamine showed reduced forward movement across the first two time blocks (≈20 min), followed by intense hyperactivity that peaked on the fifth time block and then a slow decline in locomotor activity across the remainder of the testing session (a similar pattern of locomotor activity was exhibited by adult male mice injected with 150 mg/kg ketamine; Irifune et al. 1991) . In preadolescent rats and female adolescent rats, the initial 20-min period consisted of a sequential progression from immobility, to circular or forward dragging movements, and then forward locomotion with prominent balance problems. Peak locomotor activity coincided with a period of minor balance disturbances. When injected with 20 mg/kg ketamine, female adolescent rats showed peak locomotor activity on time block 1 along with balance problems like weaving and awkward turning. Therefore, based on overall activity levels and a careful analysis of behavior across time blocks, it is apparent that male adolescent rats were less sensitive to the motor-disrupting and locomotor-stimulating effects of ketamine than preadolescent rats or female adolescent rats.
Among female rats, age-dependent differences in ketamine responsivity were also evident. On the day of initial drug exposure, female preadolescent rats were more sensitive to the locomotor-stimulating effects of ketamine (20 or 40 mg/ kg) than were female adolescent rats. On subsequent days, the reverse was the case as higher doses of ketamine tended to induce greater locomotor activity in adolescent female rats. In large part, this ontogenetic difference was a function of the substantial decline in locomotion shown by preadolescent rats from the first to the second test day. Because of this divergent pattern of effects across days, it is not possible to definitively state whether preadolescent or adolescent female rats are more sensitive to the locomotor-stimulating effects of ketamine. It is clear, however, that the pattern of behavioral responsiveness to ketamine differs substantially between the preadolescent and adolescent periods.
Although ketamine did not affect vertical activity or grooming, ketamine did alter the topography of forward locomotion. In both preadolescent and adolescent rats, higher doses of ketamine (20 and 40 mg/kg) increased the relative amount of locomotion occurring in the center of the apparatus. Enhanced movement or time spent in the center of the testing arena, relative to the margin, is frequently interpreted as reflecting reduced anxiety (Treit and Fundytus 1989; Simon et al. 1994) . In the present situation, however, much of the center movement occurred when rats were exhibiting major Female Rats
Distance Traveled (cm) Fig. 3 Mean distance traveled scores (±SEM) of ketamine (0-40 mg/kg) treated female (upper graph) and male (lower graph) adolescent rats on PD 41-45. The right panels represent total distance traveled collapsed across the five test days. Significant difference between the saline and 40 mg/kg ketamine group (asterisks). Significant difference between the saline and 20 mg/kg ketamine group (daggers). Significant difference between female and male rats given the same dose of ketamine (double daggers)
balance problems, thus making interpretation of margin/center effects difficult (e.g., see also Hodgson et al. 2010 ).
The neurobiological basis for ketamine-induced sex differences is uncertain, although it is possible that DA release characteristics and/or ketamine pharmacokinetics are involved. Consistent with the former possibility, indirect DA agonists stimulate more locomotor activity in adult female rats than male rats, an effect that has been linked to estrogen levels (Quiñones-Jenab et al. 1999; Sell et al. 2000) . According to Becker et al. (2001) , estrogen increases DA release by interacting with G-protein receptors located on the presynaptic wall of the DA neuron. If ketamine does, in fact, enhance locomotion by indirectly or directly activating a dopaminergic mechanism (Irifune et al. 1991; Hancock and Stamford 1999; Usun et al. 2013) , then estrogen would also be expected to potentiate ketamine-induced locomotion. Alternatively, ketamine pharmacokinetics might be directly responsible for differences in the behavioral responsiveness of male and female rats. Other noncompetitive NMDA receptor antagonists (e.g., phencyclidine and MK-801) cause sex-dependent behavioral effects that are often explained in terms of pharmacokinetic factors (Nabeshima et al. 1984a,b; Wessinger 1995; Turgeon et al. 2010) . Indeed, adult female rats metabolize phencyclidine at a slower rate than males (Nabeshima et al. 1984a, b; Shelnutt et al. 1999) , probably as a result of estrogen (Nabeshima et al. 1984a) . Whether ketamine metabolism also varies according to sex must await a pharmacokinetic analysis that includes both male and female rats. Regardless, because preadolescent female rats do not have an excess of circulating estrogen, either explanation would account for the lack of ketamine-induced sex differences in our younger age group.
Ketamine (10 or 40 mg/kg) did not produce conditioned activity in preadolescent or adolescent rats. Instead, restricting adolescent rats, and to a lesser extent preadolescent rats, to the home cage during the pretreatment phase caused an exaggerated locomotor response on the test day. Presumably, these Bnonhabituated^rats showed a heightened exploratory response when placed in the activity chamber, whereas rats in the Bpaired,^Bunpaired,^and Bsaline control^groups exhibited a reduced locomotor response on the test day due to habituation (for a review, see Damianopoulos and Carey 1992) . The inability of ketamine to induce conditioned activity was unexpected, since (a) both amphetamine and cocaine cause conditioned activity in adult rats and mice (Damianopoulos and Carey 1994; Ahmed et al. 1996; Michel and Tirelli 2002;  Johnson et al. 2012 ) and (b) ketamine and its derivatives produce conditioned place preferences (CPPs) in male and female adult rats (van der Kam et al. 2009; Botanas et al. 2015; Guo et al. 2016) . The latter findings are relevant to the present study because both the CPP and conditioned activity paradigms rely on contextual conditioning [i.e., the formation of Pavlovian CS-US (environment-drug) associations].
Various explanations could account for the lack of conditioned activity in our preadolescent and adolescent rats. One possibility is that the inability of ketamine to induce conditioned activity is unique to early ontogeny. Indeed, preweanling rats (PD 10-PD 21) do not show cocaineinduced conditioned activity even after 10 daily environmentdrug pairings (Zavala et al. 2000 ; see also Wood et al. 1998; McDougall et al. 1999 McDougall et al. , 2014 . The reason for this agedependent effect is unknown, but Spear and colleagues have shown that young rats perceive and process CSs differently than adults (for reviews, see Spear et al. 1988; Spear and McKenzie 1994) . That being said, adolescent rats typically respond in a qualitatively similar manner to adult rats on learning tasks, so it Table 3 Effects of ketamine on the median motoric capacity scores of male and female adolescent rats across the 120-min testing session Motoric capacity scale: 0 = asleep or inactive, 1 = normal forward locomotion (no balance disturbances), 2 = forward locomotion with minor balance problems (fully upright, but awkwardness when turning), 3 = forward locomotion with moderate balance problems (fully upright, but severe swaying during locomotion), 4 = forward locomotion with major balance problems I (fully upright, but occasional rolling), 5 = forward locomotion with major balance problems II (minor dragging with prominent rolling), 6 = predominate dragging (forward dragging with prominent rolling), 7 = circular dragging (forward dragging in a circular pattern), and 8 = splayed and immobile a Significantly different from the same-sex 0 mg/kg ketamine group at the same time block b Significantly different from male rats in the same ketamine group at the same time block c Significantly different from same-sex preadolescent rats in the same ketamine group at the same time block Motoric capacity scale: 0 = asleep or inactive, 1 = normal forward locomotion (no balance disturbances), 2 = forward locomotion with minor balance problems (fully upright, but awkwardness when turning), 3 = forward locomotion with moderate balance problems (fully upright, but severe swaying during locomotion), 4 = forward locomotion with major balance problems I (fully upright, but occasional rolling), 5 = forward locomotion with major balance problems II (minor dragging with prominent rolling), 6 = predominate dragging (forward dragging with prominent rolling), 7 = circular dragging (forward dragging in a circular pattern), and 8 = splayed and immobile a Significantly different from the 0 mg/kg ketamine group at the same time block is uncertain whether age is the critical factor responsible for the lack of ketamine-induced conditioned activity. Instead, the ability of ketamine to antagonize NMDA receptors may be responsible for the absence of conditioned activity, as it is well established that NMDA receptor blockade disrupts both associative learning processes and memory encoding (for a review, see Riedel et al. 2003) . Additional research is needed to determine whether the lack of ketamine-induced conditioned activity is due to age factors, procedural issues (e.g., number of CS-US pairings), or mechanism of action. In addition to not producing conditioned activity, repeated ketamine treatment did not induce a progressive daydependent increase in locomotor activity (i.e., behavioral sensitization) at any of the doses tested. Indeed, the highest dose of ketamine (40 mg/kg) caused a tolerance-like decline in the locomotor activity of preadolescent rats and female adolescent rats. Although adult mice exhibit robust ketamine-induced behavioral sensitization (Uchihashi et al. 1993; Yamamoto et al. 2016 ), the present results are consistent with a study using adult male rats, which showed that five daily injections of 30 mg/kg ketamine did not increase locomotor activity from day 1 to day 5 (Becker et al. 2003) . In contrast, Wiley et al. (2011) found that repeated daily injections of 10 mg/kg ketamine caused a modest increase in locomotor activity across an initial 5-day span; however, in that study, adolescent and adult female rats were tested for only 20 min. When we reanalyzed our data from the first 20 min of testing, we found that higher doses of ketamine (preadolescent, 40 mg/kg; adolescent, 20 and 40 mg/kg) stimulated more locomotor activity on day 5 than day 1. Rather than representing a true sensitized response, the day-dependent increase in locomotor activity was probably the result of rats habituating to the motordebilitating effects of high-dose ketamine treatment.
In conclusion, ketamine caused a dose-dependent increase in the locomotor activity of male and female rats, while neither producing conditioned activity nor causing a day-dependent increase in locomotion. This pattern of effects could be due to any number of factors, with the most obvious possibility being the ability of ketamine to both enhance DA neurotransmission (Hancock and Stamford 1999; Usun et al. 2013 ) and antagonize NMDA receptors (Anis et al. 1983; Duncan et al. 1999) . Indeed, the locomotor-activating effects of ketamine are consistent with the actions of an indirect DA agonist, while NMDA receptor antagonism could be responsible for motor disturbances (Irifune et al. 1991 ) and associative learning deficits (Riedel et al. 2003) . Additional research will be necessary to parse out the relative contributions of DA and NMDA system functioning when assessing the behavioral effects of ketamine during early ontogeny.
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